Room temperature or "warm" (273 K) indirect drive hohlraum experiments have been conducted on the National Ignition Facility with laser energies up to 1.26 MJ and compared to similar cryogenic or "cryo" ($20 K) experiments. Warm experiments use neopentane (C 5 H 12 ) as the low pressure hohlraum fill gas instead of helium, and propane (C 3 H 8 ) to replace the cryogenic DT or DHe3 capsule fill. The increased average Z of the hohlraum fill leads to increased inverse bremsstrahlung absorption and an overall hotter hohlraum plasma in simulations. The cross beam energy transfer (CBET) from outer laser beams (pointed toward the laser entrance hole) to inner beams (pointed at the equator) was inferred indirectly from measurements of Stimulated Raman Scattering (SRS). These experiments show that a similar hot spot self-emission shape can be produced with less CBET in warm hohlraums. The measured inner cone SRS reflectivity (as a fraction of incident power neglecting CBET) is $2:5Â less in warm than cryo shots with similar hot spot shapes, due to a less need for CBET. The measured outer-beam stimulated the Brillouin scattering power that was higher in the warm shots, leading to a ceiling on power to avoid the optics damage. These measurements also show that the CBET induced by the flow where the beams cross can be effectively mitigated by a 1.5 Å wavelength shift between the inner and outer beams. A smaller scale direct comparison indicates that warm shots give a more prolate implosion than cryo shots with the same wavelength shift and pulse shape. Finally, the peak radiation temperature was found to be between 5 and 7 eV higher in the warm than the corresponding cryo experiments after accounting for differences in backscatter. Published by AIP Publishing.
I. INTRODUCTION
In an indirect drive inertial confinement fusion (ICF), high power lasers are used to heat the interior of a high Z hollow cylinder known as a hohlraum. The hohlraum produces a nearly blackbody distribution of x-rays that remain partially trapped inside the hohlraum. This ablates the outer surface of a low-Z capsule containing the fusion fuel (typically DT), which then implodes. [1] [2] [3] The highest quality implosion occurs when the x-rays uniformly ablate the capsule resulting in spherically symmetric compression. In cryogenic (or "cryo") targets fielded between 18 and 31 K, helium is used to tamp the inward expansion of the hohlraum wall and blowoff from the ablating capsule. These experiments require sophisticated targets designed to control the heat flow and take more time to field because of the cooling. One strategy to increase the rate of hohlraum experiments is to field the surrogate roomtemperature (or "warm") targets. These are used to develop new measurement techniques and diagnostics, and to test new hypotheses.
The primary physics difference between warm and cryo experiments is the fill gases. The helium density used to fill the hohlraum in cryo experiments corresponds to a warm pressure far beyond the tolerance of the laser entrance hole (LEH) windows. We therefore use neopentane (C 5 H 12 ) with the same fully ionized electron density as the cryo He fill. The higher average charge state Z of the warm fill leads to somewhat higher electron temperatures. We address here, the laser propagation and hohlraum performance during the peak power portion of the National Ignition Facility (NIF) laser pulse and not the earlier lower power epochs. 6 The empirical model of Stimulated Raman Scattering (SRS) presented here indicates that the warm experiments have a lower reflectivity for the same power than cryo experiments. The plastic or CH (glow discharge polymer) capsule cannot hold the high pressure DHe3 fill used in cryo shots without leakage, so we use propane (C 3 H 8 ) with the same fully ionized electron density instead. We sometimes use deuterated propane (C 3 D 8 ) in order to obtain the fusion neutrons for diagnostic purposes. The large amount of C in the capsule fill reduces the temperature compared to cryo fills, due to the increased radiative loss.
This paper presents experiments performed on the National Ignition Facility (NIF) 4 using gold hohlraums with CH capsules 5 and with total energies ranging from 866 kJ to 1.26 MJ. A 4-shock or "low-foot" laser pulse, designed to put the DT fuel on a low adiabat, was used. An overview of the experiment is illustrated in Fig. 1 . The upper left (right) side shows the material composition in simulations of a cryo (warm) shot. The lower half of Fig. 1 shows the beams and lower hemisphere diagnostics. The two cones of inner beams, incident at polar angles h ¼ 23: 5 and 30 , are pointed near the hohlraum equator. The outer beams (h ¼ 44: 5 and 50 ) are pointed near the LEH. Full aperture backscatter stations (FABS) and near-backscatter imagers (NBI) collect light from stimulated Raman scattering (SRS) and stimulated Brillouin scattering (SBS), and the static x-ray imager (SXI) images in the hohlraum interior. A gated x-ray framing camera (GXD) is used to image the capsule self emission or backlit in-flight shape.
In this paper, we show that a similar implosion shape can be produced with a less inner beam power in a warm than in a comparable cryo hohlraum. These shots all use the substantial cross beam energy transfer (CBET) to the inner beams to control the shape, though less is needed in the warm shots. CBET has been used to control the shape since the start of ignition experiments in 2009, by setting the wavelength shift Dk k in À k out (quoted before frequency tripling) between the NIF's inner and outer cones. Because the warm shots use less CBET, they give a less inner beam backscatter and have improved the laser coupling to the hohlraum. The reduced CBET is supported by measurements of inner cone SRS, and images of the $5 keV x-ray emission from the laser spots on the hohlraum interior. With this understanding of CBET, we conclude that the inner beam SRS reflectivity is slightly lower in these warm experiments compared to cryo ones, and that the outer beam SBS reflectivities are similar in warm and cryo experiments, at the same post-CBET power. In addition, the measured radiation temperature in warm experiments is 5 to 7 eV higher than in cryo experiments with similar laser pulses. This indicates that less energy is required to produce the same x-ray drive on the capsule.
Finally, these findings are supported by a direct warmcryo comparison experiment conducted in smaller spatial scale targets. The results show that despite the warm and cryo experiments having the same inner beam cone fraction, the in-flight and hotspot shapes were both more prolate in the warm experiment. This is consistent with the full scale experiments indicating an improved propagation of the inner beams at the same power level.
This paper is organized as follows. In Section II, the warm experiment design considerations are summarized along with hydrodynamic simulation results comparing the plasma conditions of warm and cryogenic hohlraums. In Section III, the measured backscatter and the method used to infer the CBET is described. The results are compared with the published cryogenic experimental results. Section IV describes the results of the symmetry experiments conducted in warm hohlraums. Section V reviews the experimental implosion shape and Laser Plasma Interactions (LPI) of the direct warm-cryogenic experiments conducted in smaller scale hohlraums. We conclude in Section VI.
II. ROOM TEMPERATURE HOHLRAUM DESIGN AND PLASMA CONDITIONS
The warm platform was developed using the radiationhydrodynamics code HYDRA, 7 and the standard LLNL "high flux model" 8 of detailed configuration accounting (DCA) nonlocal thermal equilibrium (NLTE) atomic physics and an electron flux limiter of 0.15 as the "free-streaming" value n e T 3=2 e =m 1=2 e . The goal was to qualitatively match the hohlraum plasma conditions and x-ray drive in cryo experiments. The first few NIF hohlraum experiments in 2009 were warm, after which all experiments were cryo until the end of 2012. 9 Design work for the 2009 experiments showed that a neopentane hohlraum fill with the same fully ionized electron density as the cryo helium fill gave good surrogacy. In particular, the calculated linear gain exponents for SRS and SBS were similar, suggesting that the warm hohlraum experiments were good LPI surrogates. 10 The blue curve in Fig. 2 shows a typical "low foot" or low adiabat pulse shape for cryo experiment N111109. 11 The laser pulses used in the warm experiments are based on this design and are shown in black and red in Fig. 2 . In these experiments, the peak power into the hohlraum was $360 TW. This is below the typical 420 TW in the comparable cryo experiments because of the risk of damage to optics from SBS. To maintain the same x-ray flux during the early time "picket," the warm pulse is of a higher power to FIG. 1. Overview of experimental setup, hohlraum, and laser beams. The upper half of the hohlraum shows material regions from hydrodynamic simulations during peak power (20 ns) . The black area is the gold wall. The diagnostics shown include the backscatter diagnostics (SRS and SBS), the static x-ray imager (SXI), and the polar and equatorial gated x-ray framing cameras (GXD).
compensate for the higher inverse bremsstrahlung (IB) absorption and higher ionization energy compared to helium. We also reduced the warm power in the subsequent "trough" epoch to maintain the same x-ray flux as the cryo design.
The low-adiabat cryo designs use 0.96 mg/cm 3 helium hohlraum fill to tamp the inward expansion of the hohlraum wall. This helium density has the same fully ionized electron density as 0.82 mg/cm 3 of C 5 H 12 , which corresponds to a pressure of 208 Torr at room temperature (well below the tolerance of the LEH windows). The capsules on warm shots were filled with either C 3 H 8 or C 3 D 8 , and at mass densities of 3 to 6 mg/cm 3 . Choosing warm fill densities to match the cryo n e should give similar, though not identical, hohlraum plasma evolution. The pressure exerted on the wall by the hohlraum plasma is n e T e þ P i n i T i , with n e % P i Z i n i the electron density, and (T e , T i ) the (electron, ion) temperature. Typically T i < T e , and therefore the electron pressure dominates. Thus at the same n e and T e , the wall tamping in warm and cryo experiments is similar. The different charge states of the warm and cryo fills, however, give a different inverse bremsstrahlung (IB) absorption and the electron thermal conductivity. We expect T e to be higher with a higher Z fill, since IB increases with Z and decreases with T e , while the thermal conduction behaves oppositely. We estimate this with a simple channel-balance model, where a laser-heated channel is surrounded by a cooler "wall." We use a simplified electron energy equation, which includes the thermal conduction and IB heating 3 2 @n e T e @t À r Á j e rT e ½ ¼ j IB I:
The power density absorbed by the electrons from a laser of intensity I is j IB I, with an absorption coefficient
g ¼ ½1 À n e =n cr 1=2 , n cr the laser critical density, F i ¼ n i =n I where n I P i n i is the total ion density, u e e 2 =4p 0 , and we assume the same Coulomb logarithm L for all ion species, and for absorption and thermal conduction. The electron thermal conductivity j e is given by the Spitzer-H€ arm expression
SðZ eff Þ 1 accounts for reduction in j e due to electronelectron collisions (S ¼ 1 for Z eff ! 1). We assume the steady-state @=@t ¼ 0, and estimate r À2 to be the laser beam area A, to find
where P L ¼ IA is the laser power. We also assume the pressure balance between the channel electrons and a specified surrounding "wall" pressure p w , which gives n e ¼ p w =T e . We solve for T e 
In practical units, for a 351 nm laser light
As expected, this simple model implies that T e increases with Z eff , though the dependence is fairly weak: T e / Z 2=7 eff . For fully ionized He (cryo fill) and C 5 H 12 (warm fill), we find Z eff ¼ 2 and 4.57. Letting only Z eff vary, we predict T e ðwarmÞ=T e ðcryoÞ ¼ ð4:57=2Þ 2=7 ¼ 1:27. HYDRA simulation results in Fig. 3 roughly bear this out. T e is higher in the warm simulation, especially in the LEH where all the beams overlap. Figure 3(b) shows the difference in T e . This peaks at 600 eV in the LEH, where the cryo T e % 3 keV, i.e., T e ðwarmÞ ¼ 1:2T e ð cryo Þ, is in line with our estimate.
III. BACKSCATTER AND THE CROSS BEAM ENERGY TRANSFER
In this section, we review the backscatter results from the warm and analogous cryo experiments. Results from warm shot N140313, when the outer beams were turned off before the inners, are used to develop a model for how the SRS reflectivity depends on the incident power. This SRS model is then applied to warm shot N140321, where the outers were kept on but the inner power was reduced, to develop a model for CBET. The SRS model is also applied to experiment N121226, which shows that Dk ¼ 1:5 Å gives CBET close to zero for the warm platform. Finally, the post transfer intensity is used to determine the SBS threshold on the outers.
A. Backscatter diagnostics and energetics
Backscatter is measured on the NIF using the FABS and NBI diagnostics. 12 The SBS and SRS spectra and power histories are measured on the 30 and 50 cones using FABS, which measures the light reflected directly back into the beam lines. NBI scatter plates are on quads Q31B (30 ), quads Q33B (23.5 ), and Q36B (50 ) inside the target chamber. These images are absolutely calibrated and provide a distribution of the scattered light outside the beam lines. The total energy is obtained through 2D fitting of the image. The absolute power measurements in FABS have an error of 620% determined from the error in the energy measurement of the backscattered light on NBI used to constrain the power. This error shows up as an offset in the power time history of the backscattered signal with an additional error typically less than 65% throughout the peak. In addition to FABS and NBI, the drive diagnostic sensors DrDs provide additional SBS backscatter results. This sensor is used to measure the laser energy and power on a shot to shot basis by sampling one beamline per quad except in 3 quads where all 4 beamlines are measured. These are the backscatter quads Q31B (30 ) and Q36B (50 ) as well as Q34T (50 ). The SBS measurement results when the backscattered light partially ($2%) reflects off the frequency doubling crystal and is partially diverted by a transmission grating to the DrD sensor. This limits the SBS measurements to powers above roughly 50 TW per beamline because of the low level compared to the incident laser, but provides data on more beamlines.
Implosion symmetry was tuned in warm "symmetry capsule" (symcap) experiments using the wavelength shift Dk to control CBET. The inner cone fraction is CF ¼ P in = ðP out þ P in Þ where P in and P out are the average peak powers of the inner and outer beams respectively. Dk ¼ 3:5 Å was needed to minimize the P2 Legendre mode asymmetry in the hot spot in warm shots, compared to 5.5 Å in analogous cryo shots.
The measured backscatter energies are summarized in Table I . The overall coupling is defined as C ¼ 1 À E scat = E LEH . The measured scattered energy on cone i is E i;scat ¼ Ð R i ðtÞ P j P j ðtÞdt, summed over the quads on cone i, with reflectively R i ðtÞ ¼ P scat;i ðtÞ=P incident;i ðtÞ found on the quad with backscatter diagnostics on each cone (or estimated if none is measured, e.g., SRS on the 44.5 cone). The measured total scattered energy E scat ¼ P i E i;scat . E LEH is the measured total laser energy at the LEHs. To provide context, the measured backscatter energy in Table I is given as a percent of the energy in the peak. The fraction of inner SRS increases from ð5%; 12%Þ for the ð23:5
; 30 Þ cones measured in experiment N121226, to 9% for the 23.5 s, and between 25% and 29% for the 30 s on the remaining experiments. The SRS increases due to the higher incident power, and increased the CBET since Dk was increased from 1.5 Å to 3.5 Å .
In the warm symcap experiments, the total coupling ranges from 90.8% to 92.9%. The warm shot N130405 produced a small Legendre-mode asymmetry P2 (defined below) in the hot spot with a total coupling of 91.7%. Similar P2 symmetry in cryogenic symcaps needed a higher Dk and resulted in reduced coupling between 85% and 89%. The vast majority of the backscatter from the cryo experiments was the inner cone SRS. Warm experiments have $2:5Â lower inner cone SRS reflectivity than cryo experiments with a similar capsule implosion symmetry. By contrast, the warm experiments had a significant 50 SBS. With frequencies close to the 3x 0 laser frequency, SBS can damage optics. This risk limited the peak power in the warm experiments to full NIF powers <360 TW.
B. SRS and CBET measurement by pulse modification
In additional experiments designed to measure the CBET, the end of the laser pulse was modified and the resultant change in the inner cone SRS was measured. This technique has been used to measure CBET 13 at a specific time. Here we apply this method throughout the peak power. To motivate our empirical model, we start with the well-known Tang formula for the steady-state, plane-wave reflectivity in the strong damping limit R ð1 ÀR þsÞ ¼s exp½ð1 ÀRÞP 0 g:
g is the spatial gain rate per incident power, and P denotes power. In the large-gain limit s ( 1 ÀR ( 1, this approximately gives
R max x SRS =x 0 and P thr lnP seed =g. Eq. (9) was used in Ref. 13 with R max and P thr free parameters chosen to fit the experimental data. In our model, these depend on plasma conditions, but not on laser or SRS powers. We determine their values at one time on one experiment, and then apply them to other times and other experiments. The agreement with SRS data is decent, which validates our approach. The relatively small changes in SRS wavelength also gives some justification. R max < x SRS =x 0 Շ0:65 for the warm experiments, and can be even less due to the absorption of pump or scattered light, or nonlinear effects. P thr plays the role of the threshold power for SRS. The SRS power is P SRS ¼ R max ÂðP 0 À P thr Þ. The temporal variation in P 0 and P SRS , for instance due to amplitude modulations beam smoothing by spectral dispersion (SSD), is used to determine the coefficients after the outer beams are turned off. We determine the parameters of the warm SRS model using the end of experiment N140313. The outer beams are turned off, so there is no CBET. This gives the black points in Fig. 4 , which correspond to the best-fit values P thr ¼ 4:1 TW and R max ¼ 0:33. For comparison, the values published in Ref. 13 for similar cryo experiments were P thr ¼ 2:8 TW and R max ¼ 0:29. While this may indicate a lower gain due to plasma conditions in the warm experiments, the similarity in the spectra, shown in Fig. 5(c) , signifies that the plasma conditions with the highest gain are similar.
We introduce a CBET model similar to Ref. 13 . Assumptions similar to those made for SRS (plane-wave, steady-state, strong damping limit), and assuming small CBET, gives the approximate form
where P in and P out are the incident inner and outer cone powers per quad. c is the transfer rate from outers to the 30 inners, and depends on plasma conditions and Dk. We determine c using the end-of-pulse data for experiment N140321. We assume that CBET happens earlier along the laser path than SRS, so that the SRS power depends only on the posttransfer power P 0 . In experiment N140321, the outers remain on, but the inner power is reduced. This results in a somewhat higher SRS power, which means that P 0 is slightly higher than at the end of experiment N140313. We thus find c ¼ 0:095 TW À1 for this case of Dk ¼ 3:5 Å . This implies that, when all beams are at peak power, CBET increases the inner beam power by 51%. The cryo experiment considered in Ref. 13 
À1 . The SRS reflectivity data taken throughout the peak power is shown for the modified-pulse experiments in Fig. 4 . The warm and cryo reflectivity models from Eq. (9) are plotted for comparison.
Additionally, while the signal levels were too low to make time resolved measurements for the 23.5 SRS, the average reflectivity in the peak is plotted for experiments N121226 and N130125. Here the average 23.5 quad power P ave23 has been scaled by the focal-spot areas of the beams to get an effective power that would give the same intensity on a 30 quad: P 23effective ¼ A 30s =A 23:5s Â P ave23 with A 30s =A 23:5s ¼ 1:14. The 23.5 SRS data are close to the reflectivity model for 30 SRS, assuming no net CBET to the 23.5 cone. The resulting cone fraction, CF, in the peak of the pulse after CBET and backscatter are accounted for that was 41 6 1.5% in the warm experiments with Dk 3.5 Å (N130125) and remained at 33 6 1% for Dk 1.5 Å (N121226).
Experimental results and comparison with our model are shown in Fig. 6 Finally, we use this model to confirm that CBET was minimized in the warm shot N121226, with lower Dk ¼ 1:5 Å . This was chosen to minimize CBET by compensating for the flow-induced Doppler shift between the inner and outer beams. The measured SRS power is shown in Fig. 6(c) , along with the results of our SRS model with no CBET ðc ¼ 0Þ. The measured SRS wavelength in this shot (not shown) was similar to N140313, which supports using the same model values. Over the peak of the pulse, the average SRS power from the model of 0.78 6 0.08 TW was very close to the measured value 0.76 6 0.08 TW. The model over predicted SRS by 3.0%, well within the experimental error bars. We conclude that the measured SRS is consistent with little to no CBET during the peak power in this experiment, and that flowinduced CBET can be compensated by Dk.
C. SRS spectra
The SRS scattered wavelength is a function of the electron density and temperature at the resonance location, where the thermal noise is amplified to a finite level. There can still be significant off-resonant growth as the SRS light continues to propagate, as indicated by reduced modeling of SRS in rad-hydro simulations. 15 
m e 1=2 is the electron plasma frequency. The electron thermal velocity v e ½T e =m e 1=2 establishes the temperature dependence. The incident and scattered light are related by energy and momentum conservation:
Comparing the SRS spectra can establish if SRS develops from similar plasma conditions. Figs. 5(a) and 5(b) show the spectra at the end of pulse experiments, N140313 and N140321, respectively, and correspond to Figs. 6(a) and 6(b). The spectral centroids from several warm shots are plotted vs. time in Fig. 5(c) . The peak of the laser pulse was delayed by roughly 800 ps in N140313 and N140321 compared to the symcap experiments to delay the shocks, so these spectra have been shifted to align the start of the rise to peak power. The cryo symcap, N121003, is shown for comparison. Note the similarity of the warm and cryo spectra. The variation in SRS wavelengths occurring before the steep shift at rise to peak power $18.3 ns may indicate that the variation in plasma conditions before the peak was larger than during the peak. After the jump to approximately 548 nm, the variation in the spectra is within 2 nm and begins to widen slightly with time. In the warm shot N140313, there is a noted increase in wavelength of 6 nm at 19.1 ns when the outers are truncated. The shift is in the same direction but less than the observed shift in cryo experiments of 9 nm and is followed by a decrease at 19.6 ns. This could indicate plasma cooling without the additional heating from outer beams.
The centroid of the SRS spectrum from the cryo shot N121003 is shown for comparison in cyan in Fig. 5(c) . This shot used a longer peak pulse with a peak power of 390 TW, and a 3-color scheme ðk 23:5 ; k 30 Þ À k out ¼ ð9:7; 6:5ÞÅ. Despite the differences in the laser pulse, the gas fill and the CBET, the SRS spectra of the cryo falls within the variation in the measurements from the warm experiments, suggesting that the SRS may develop from similar plasma conditions. The initial jump from 520 nm to 550 nm to an additional $20 nm also occurs in both the warm and cryo experiments with similar movement in spectra in time after the jump.
D. Outer-beam SBS data
The SBS power history measured in several warm symcap experiments is plotted in Fig. 7(a) . These experiments ramped up to a peak energy of 1.27 MJ by first increasing the power in the peak and then by extending the peak power in time. The difference in SBS power between the first two experiments is small, even though the incident power increased. This is because the 2nd shot used a higher Dk and had more CBET from outer to inner beams.
The outer-beam SBS spectra from a typical warm and cryo shot are shown in Figs. 7(b) and 7(d). The outer cone SBS in such cryo experiments typically rises only near the end of the laser pulse. We do not measure where in space the SBS light develops, so we cannot say, on a strictly experimental basis where the SBS occurs. We discuss this issue by considering SBS from a resonant ion acoustic wave in a single ion species plasma. The SBS wavelength is approximately
where we assume 351 nm laser light,c is the acoustic speed, andũ is the plasma flow velocity. Using gold wall blowoff parameters consistent with simulations of Z ¼ 50, T e ¼ 3 keV, ZT e ) 3T i , and M ¼ À0:6, we find k SBS À k 0 ¼ 2:2 Å . The shift is higher in lower Z regions with higher acoustic speeds, like the hohlraum fill gas. One conclusion is that the measured SBS wavelengths seem to require significant flow opposite the laserk 0 . Others have attributed (short, long) wavelength SBS to (high, low) Z plasma, e.g., Ref. 16 , which reports previous neopentane-filled hohlraum experiments on the OMEGA laser. The spatial origin of outerbeam SBS is not clear, and is the subject of ongoing work. We note the possibility that a finite "seed" from the gold wall can be further amplified in the fill gas.
To determine the scaling of outer SBS reflectivity with intensity, three different 50 pulse shapes were used in N121226 with differing peak intensities. In addition, the 50 and 44. 5 cones use Continuous Phase Plates (CPPs) with different focal spot sizes. The resulting focal intensity of the 50 quads is roughly 14% higher than the 44.5 quads with the same power, providing an additional scaling data. This is plotted in Fig. 7(c) , along with another warm shot with higher peak power and larger Dk (N130125). We assume the plasma conditions for the 44.5 s and 50 s are the same because they point at the same z position along the wall. The SRS CBET model described above was used to determine the post transfer intensity for the outers. From the data, the SBS appears to increase dramatically for intensity տ 9 Â 10 14 W/cm 2 . Lastly, we compare the SBS reflectivity between warm and cryo experiments. Here we compare our SBS measurements from FABS from the warm experiment with low CBET (N121226), with a cryo experiment with large CBET and in which the inners were truncated in time (N120622). The last 400 ps of the outer pulse in this cryo experiment has no CBET since the inners are off, allowing an outer SBS reflectivity measurement at that time. Since the pulse lengths are different, we compare the SBS 1.5 ns after the start of the peak power as shown in Fig. 8 . The 50 quad Q36B in the cryo experiment at 20.9 ns had an incident power of 5.65 TW and a SBS power of 0.92 6 0.18 TW, giving a SBS reflectivity of 16.2 6 3.2%. The warm experiment at time 19.4 ns had an incident power of 5.9 TW and a SBS power of 0.83 6 0.17 TW, giving a reflectivity of 14.0 6 3%. These reflectivities are similar within the errors.
IV. SYMMETRY EXPERIMENTS
In this section, the results of the warm symmetry experiments are reviewed. They primarily show that in warm hohlraums, a lower Dk is required to minimize the oblateness of the x-ray self emission from the capsule hot spot. However, the implosion shape is shown to scale with Dk with roughly the same slope as in the cryo experiments. Measurements using the static x-ray camera are shown to scale consistently with the CBET model found from the backscatter data allowing for a calibration of the hard x-ray flux with laser intensity. These experiments also show that the radiation temperature T rad is higher in the warm experiments by 5 to 7 eV when compared to cryo experiments with similar absorbed laser energy, or roughly an additional 1 TW/sr of total x-ray flux.
A. Implosion self-emission shape
The symmetry capsule ("symcap") experiments are designed to produce implosions with symmetry equivalent to DT implosions. 17 The CH capsules were all nominally 208 lm thick with a layer of 1% Si dopant and a radius of 0.9 mm. These capsules are thicker than the DT layered capsules to emulate the effect of the DT layer. 5 In these experiments, the shape of the self emission from the hot compressed gas in the capsule is measured using the x-ray framing cameras. 18 Two cameras are fielded on symcap experiments, one located at the equator and one at the pole. The equatorial camera measures the shape of the hot spot through a high density carbon window on the side of the hohlraum, which allows x-rays with energies <20 keV to pass unimpeded by the 30 lm Au hohlraum wall. The 10Â pinhole imaging provides a spatial resolution of 10 lm and a temporal resolution of roughly 75 ps. The camera filtering and timing are set up to measure the bright 6 to 12 keV x-ray emission near the peak compression.
The implosion shape is typically characterized using the Legendre mode decomposition of the 17% brightness contour. From the equator, this contour radius is 
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Phys. Plasmas 23, 122707 (2016) SðhÞ ¼ R n A n P n ðcos hÞ with A n ¼ Ð P n Sdh and P n the order n Legendre polynomial. Similarly the polar GXD images are decomposed into Fourier m-modes Sð/Þ ¼ R n M n expðin/Þ. X-ray drive near the equator is determined by the incident power of the inner beams, laser plasma interactions, and absorption along the path. In gas filled hohlraums, CBET is used to move power between cones to tune the equatorial P modes and azimuthal m-modes. The P2 mode defines whether the implosion is prolate (P2 > 0) or oblate (P2 < 0). 18 No attempt was made to correct the polar shape in these experiments, so we do not report m-modes here. Table II presents the implosion shape data for four warm symcap shots, all in hohlraums with a nominal length of 9.43 mm, LEH diameter of 3.373 mm, and an identical beam pointing. Cryo symcap shot N111109 is included for comparison, which used a 3-color scheme: ðk 23:5 ; k 30 Þ À k out ¼ ð7:5; 6:0Þ Å . Images of the hot spot self-emission at peak x-ray emission are shown in Fig. 9 . The white line is the 17% contour used to determine the Legendre modes. Only the first, low-energy warm shot N121226 used Dk ¼ 1:5 Å . This was designed to minimize the CBET, and resulted in P2/P0 ¼ À60.8%. The next warm shot N130125 increased Dk to 3.5 Å , increased peak power, and resulted in a nearly round implosion with P2/P0 ¼ À4%. We extended the peak power on N130405, and also obtained a nearly round implosion with P2/P0 ¼ 3.3%. Figure 10 compares the variation of P2 with Dk for warm and cryo shots. The cryo shots used hohlraums with lengths from 9.325 mm to 9.425 mm, total laser energies from 1.24 MJ to 1.5 MJ, total peak power from 391 TW to 446 TW, and a 3-color scheme with k 23:5 À k 30 , between 1 and 1.5 Å . In the 3 color scheme, energy is transferred between the inner ones from the 30 to the 23.5 beams for additional symmetry control. Simulations adjusted to match the P2 data are plotted in black, and guided P2 tuning via Dk in the warm shots. The P2 data for warm shots are offset from the cryo shots: less Dk is needed to produce the same P2. But the slopes are similar. The minimum hot spot P2 for the warm platform occurs at Dk տ 3.5 Å , compared to %6 Å needed for the cryo platform. Table II .
B. Hard x-ray images of the inner surface of the hohlraum
Images from the static x-ray imager (SXI) can indicate the relative intensity and location of the beams on the hohlraum wall. In Fig. 11 , a 3D depiction using the commercial software VISRAD shows the laser power deposited from the viewpoint of lower SXI. The hohlraum wall is shown as a grid from the outside, allowing us to see through it and view the power deposited by the beams inside. The SXI view is limited to what can be seen through the LEH (highlighted in dashed red). Below, the SXI images are compared side-byside. They show the interior wall of the hohlraum looking through the LEH at 19 off the z axis 19 providing a spatial image of the 3 to 5 keV x-rays with a spatial resolution of $60 lm. The soft x-ray channel, with a center energy of 870 eV (not shown) near the peak of the Planckian of a 300 eV blackbody is used to determine the clear aperture for the DANTE analysis presented in this paper. Fig. 11 shows the relative brightness of x-rays emitted where the beams strike the wall. The warm shot N130405 has a thicker outer beam ring and a smaller dark region between the far outer Q23T and the far inner (23.5 ) Q26T. In the 3 keV channel of the SXI, to first order, the brightness B / Ð I wall ðtÞdt resulting in a fluence, where I wall ¼ I 0 cosðhÞ is the intensity on the wall. h is incidence angle on the wall estimated in this case by the initial incidence angle before wall motion. Fig. 11 shows the average inferred fluence on the wall as a function of SXI average counts (brightness) at 3 keV for several warm symcap shots. The inferred fluence is found using the CBET model described in Sec. III B. The nearly linear relation between the x-ray counts for the inner and outer beams in SXI and the inferred fluence on the wall further supports the SRS CBET model. Fig. 12 shows that the warm and cryo shots have a similar correlation between P2 and inner vs. the outer SXI brightness. This indicates that the same laser illumination pattern on the wall produces the same P2 shape in both platforms.
C. Time history of hot spot shape near the peak compression
The time history of the hot spot shape for warm shot N130405 is shown in Fig. 13 . While the absolute measure of P2/P0 at peak x-ray emission was small (À3.3%), there is a rapid time-dependent "swing" through peak emission: DP2=DT ¼ 38:563:7 lm/ns. Ideally, the swing would be negligible. The P4 swing is also considerable, starting negative and continuing to get more negative: DP4=DT ¼ À35:2 61:1lm/ns. Compensating for P4 usually entails repointing the beams within the hohlraum or changing the hohlraum length.
D. Radiation drive
Fig. 14 compares the absolute x-ray drive of the hohlraum as measured by the DANTE diagnostic. [20] [21] [22] DANTE measured the time history and spectra of the x-ray emission through the LEH. Here the inferred T rad satisfies rT 4 rad ¼ pf clear U=A clear cos h, where U is the x-ray flux from the LEH, f clear is the fraction of flux coming from inside the LEH, and r is the Stefan-Boltzmann constant. The error in (U, T rad ) is (65%, 61.5%) during the peak. A clear is the area based on the hard aperture measured with the SXI. Figure 14 shows a comparison of the warm experiments with the entire set of cryo hohlraum experiments with the same hohlraum and 4 shock pulse shapes. The data indicates that warm hohlraum reaches slightly higher temperatures than comparable cryo hohlraums. The highest T rad of 304.3 6 7.5 eV was reached with an incident laser energy 1.14 MJ after subtracting the backscatter and used a nominally 360 TW peak power laser pulse. The warm drive is on average 3-7 eV higher than the cryo experiments plotted. Including the error in the measurement, this puts the warm hohlraums just inside the error bars of the highest performing cryo experiments.
Another measure of the x-ray drive produced in the hohlraum is the implosion "coast time" T c T bt À T of f where T bt is time of peak x-ray brightness, and T off is the end of the laser pulse (which typically is the time of peak T rad ). The variation in the cryo data results because the time of peak capsule x-ray emission and the velocity of the capsule are a function of the experimental parameters as well as the hohlraum drive. Nevertheless, T c is similar for similar peak T rad in the warm and cryo platforms.
V. SUBSCALE 2D CONVERGENT ABLATOR COMPARISON EXPERIMENTS
In a pair of experiments we directly compare the warm and cryo hohlraum implosions using the same laser pulse and Dk. The laser pulse and hohlraum were reduced-scale versions of the experiments described in all preceding sections. The approach is to design a hydrodynamically equivalent capsule implosion. This entails scaling physical lengths Table II corresponds to the P2 at peak x-ray emission, and images in Fig. 9 are at times nearest to peak x-ray emission.
(hohlraum and capsule sizes) by a scale factor s, laser pulse time by s, and laser power by s 2 . This preserves the energy density in the hohlraum. On NIF, we typically do not scale the LEH size strictly with s, or the laser spot sizes (determined by the phase plates) at all. The subscale shots used s ¼ 0.81, resulting in a reduced hohlraum diameter of 4.67 mm (compared to the full-scale 5.75 mm). The LEH diameter was 3.1 mm, as shown in Fig. 15 . The hohlraums were heated using a 17.25 ns, 4-shock pulse (shown in the inset in Fig. 15 ) with a total energy summing over all 184 target beams at the LEH of 868 kJ. In the 2D convergent ablator (2D ConA) experiments such as these, two quads are diverted to a germanium plate to produce x-rays used for backlighting the implosion. The backlighter pulse is timed to match the peak velocity of the imploding capsule, and is shown in the laser pulse inset red dashed in Fig. 15 . The hohlraum and capsule gas fills were identical to the full scale experiments. The subscale experiments used a 3-color scheme to balance the drive between the 23:5 and 30
beams: ðk 23:5 ; k 30 Þ À k out ¼ ð4:7; 3:5Þ Å .
The results of the subscale experiments support the findings of previous sections. Table III shows the measured backscatter of the subscale experiments. The total inner beam backscatter on the two shots agree to within the experimental error, but differ slightly in the distribution among the inner beams. The cryo experiment had evenly distributed the SRS among the inner cones, while the 23.5 cone had 1.82Â the SRS of the 30 cone in the warm experiment. This indicates that CBET between cones might be different between the warm and cryo experiments. Note that the accuracy of the 23.5 SRS measurements are significantly improved in these subscale experiments after a diagnostic upgrade compared to the full scale experiments described earlier.
The primary measurements of these experiments were radiographs of the in-flight shell shape and are shown in Fig. 16 when the capsule radius P0 ¼ 200 lm, around the peak velocity. The 2D ConA experiments use the equatorial framing camera along with a backlighter to radiograph the shape and velocity of the imploding shell. 23 In these experiments, the shell trajectory of 295 km/s was similar between the two experiments, and consistent with the same laser coupling measured. However, the warm shot showed a larger positive P2 ¼ 16:962 l m compared to the cryo shot with P2 ¼ 10:762l m. This difference could indicate a combination of either improved inner beam propagation or more transfer in the warm experiment as compared with the cryo experiment. Higher modes were negligible in both cases.
At peak compression, the hot spot shape from x-ray selfemission was comparable: P0 ¼ (37, 39) lm and P2 ¼ (2,4) lm for (warm, cryo). There was a larger P2 shape swing in the warm shot (from þ17 lm at P0 ¼ 200 lm to 2 lm at peak compression) than the cryo (þ11 lm at P0 ¼ 200 lm to 4 lm at peak compression). This swing in shape is again attributable to the differences in the temporal hohlraum flux due to the improved inner beam propagation or more transfer. The small P2 swing measured during the backlit radiographs was well within the analysis variation.
The subscale shape results are consistent with the full scale experiments, where P2 was minimized at a lower Dk than for similar cryo experiments. At the same Dk, we would expect and indeed measured a higher P2 in the warm shot. Likewise, the SRS difference between the inner cones in the warm experiment could indicate that more transfer occurs between the inner cones at the same inner Dk ¼ k 23:5s Àk 30s ¼ 1:2 Å . Reducing the CBET through a reduction in both the inner to outer and 3-color Dk may lead to a decrease in the total inner SRS and help to improve the overall coupling in the warm hohlraum while improving the P2. Finally, the measured peak radiation temperature of 295.8 eV in the warm subscale experiment was higher than the cryo value of 290.0 eV by $6 eV, for almost the same coupled laser energy. This is again consistent with the full-scale results.
VI. SUMMARY
The room-temperature or warm hohlraum platform has been successfully commissioned on NIF, and is in use.
Results of a series of full-scale warm experiments have been presented, along with a subscale warm-cryo direct comparison. The experimental evidence suggests that the warm platform has some performance improvements compared to cryo hohlraums. Hydrodynamic simulations indicate that the higher Z hohlraum gas fill (neopentane) in the warm platform results in up to 20% higher electron temperature in the LEH, due to the increased IB absorption and reduced electron thermal conductivity. The different plasma conditions lead to measured differences in backscatter and implosion shape, and inferred differences in the CBET for a given wavelength shift Dk.
Measurements of the backscatter from the end of pulse experiments indicate that the intensity threshold for significant inner SRS is higher in the warm experiments compared to cryo. Using an SRS model allowing for pump depletion, quads Q31T and Q26B are used to excite germanium K a emission. The x-rays pass through the HDC windows in the hohlraum providing a time-resolved radiograph of the imploding shell near peak velocity.
1262% of the power in the outers was diverted to the inners through CBET in the warm experiments with Dk 3.5 Å corresponding to a peak inner cone fraction post transfer and after subtracting backscatter of 41 6 1.5%. A detailed analysis of the SXI data indicates an intensity trend with a brightness between the inner and outer spots on the interior wall of the hohlraum consistent with the CBET inferred using the SRS method. Additionally, Dk ¼ 3:5 Å was needed to minimize the P2 shape of the hot spot self emission at peak x-ray brightness in the warm shape experiments, which is less than the 6 Å needed in similar cryo experiments. This suggests an improvement in the inner beam propagation and/or more CBET at lower Dk.
A pair of subscale warm and cryo direct comparison experiments was conducted with the same 3-color scheme. These 2D ConA experiments produced a more prolate implosion in the warm hohlraum at a capsule radius of 200 lm. The warm and cryo shots gave the same total inner cone SRS. This result is consistent with an improved inner beam propagation in the warm platform. The data suggests that shape tuning can be accomplished with a lower inner cone fraction when using a hohlraum with a higher hZi fill. Finally, the x-ray flux produced by warm hohlraums is 5 to 7 eV higher than the typical cryogenic hohlraums after accounting for backscatter (i.e., for the same coupled laser energy).
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